Zinc is found saturated in the deposited Amyloid-beta ( β A ) peptide plaques in 
Introduction
Alzheimer's disease (AD) is a fatal neurodegenerative disorder and characterized by aggregation of amyloid-beta peptide ( β A ) into insoluble plaque in AD patient brains.
Zinc is found with high concentration in the plaque [1] . It's believed that zinc involves in the event of β A aggregation as a key factor for the pathogenesis of AD [2, 3, 4, 5, 6, 7, 8, 9, 10] . The original hypothesis for AD is the so-called amyloid cascade hypothesis [11] . But, in recent years, soluble β A aggregates that are formed at the early stage of aggregating have been considered the pathogenic molecular form of β A [8, 12] . Further more, it is revealed that not only the size of β A oligomer but also the peptide conformation define the toxicity of β A -Zn complexes [8,9,13,14,] .
of force field to describe the induced interactions of the zinc with water molecules and proteins atoms. In recent years, the impact of zinc on the conformation of β A monomer or oligomer has been studied based on the MD simulations [32, 33, 34] .
However, in these studies, zinc-ligand distances are constrained to their NMR evaluated distances, which would hinder global sampling of conformations and further exploration of kinetic process involved in zinc-coupled aggregating of β A .
On the basis of the nonbonded model presented by Stote and Karplus [22] , Sakharov and Lim additionally consider two induction effects: local polarization effect presented with atom-based point dipole model and charge transfer effect specified by updating charges of coordinating atoms as well as zinc at any time step during simulations [29, 35] . As a complete description of atom-atom interaction, their potential energy function includes all energy components derived from the well known Kitaura-Morokuma energy decomposition [36] . For example, the 6-12 L-J potential contains exchange and dispersion components; the coulombic potential with variable charges includes the induced charge transfer effect as well as the point charge electrostatic energy; and the polarization potential represents the induced polarization effect. By incorporating the two quantum effects (i.e., induced polarization and charge transfer) empirically into the conservational nonbonded potential energy function and combining with appropriate vdW parameters, they successfully captured experimentally observed coordinating structures of solely structural zinc binding sites of zinc-finger proteins [29] .
Sakharov and Lim presented the induced dipoles at atom-based level [29] . Their model, in practice, might hinder its implementation into β A -Zn like complexes where polarization effect is no longer confined to the first-shell ligands. The calculation of polarization field on the whole peptide is bound to increase computational cost significantly.
It's worth to mention that most zinc binding sites can be classified to be structural and catalytic [37, 38] . According to a statistical survey of zinc proteins, if there is no more than one Cys out of the ligating a. a. residues, the zinc binding site is defined to be catalytic [37] . Thus, accordingly the zinc binding site in β A , including three
Histidines and one Glutamic Acid, belongs to the catalytic site. In most catalytic sites, ligands transfer less amount of charges than that in structural sites, enabling zinc to serve as a lewis acid. As a consequence, the charge-dependent polarization capacity of zinc in catalytic sites is generally stronger than in structural sites [37] . Therefore, it's quite necessary to account for the global impact of zinc-induced polarization force on β A . In fact, it's noted that those residues (i.e. Arg5 and Gly9 in β A ) relatively far from zinc are also polarized [16] .
The NMR structures of isolated β A monomer or fragments are accessible [21, 39, 40, 41, 42, 43] , and the structure of 1-16 region of β A complexed with zinc
-Zn ) has also been defined in NMR experiment by Zirah et al. [21] . Recently it has been shown that the minimal zinc binding domain of β A is the 6-14 region of β A ( 14 6− β A -Zn) [17] . Therefore, in the present work, we adopt the coordinate sets of Different from the previous strategies applied within CHARMM22 force field and outlined by Sakharov and Lim [29] , we consider the zinc-induced dipoles at three resolutions, ranging from the residue-based level, to the intermediate level, and to the atom-based level. With atom-based dipoles to the zinc binding site, some atomic information, such as the coordination bond length and number, are kept and used in the description of the zinc binding site. While with the multiscale dipoles to the whole paptide, the amount of computation increases linearly only with the amino acid residue number. Furthermore, the induced polarization force acts on the whole peptide, making it more reasonable to study the solvent exposure of hydrophobic/hydrophilic residues.
For the charge transfer effect, a linear approximation is employed here to calculate the distance-dependent charge transfer from each ligating atom to zinc. Different from the symmetrical coordination configuration in zinc-finger protein discussed in Sakharov and Lim's model [29] , the coordinating configuration of
asymmetrical. As a result, in the preliminary QM calculations, the amount of charge transferred from each ligating atom to zinc has to be calculated individually.
In this work, our MD method has been assessed from some statistic properties, such as root-mean-square deviations from the experimental structure, the radius of gyration
-Zn, the coordinating bond length between metal and ligating atoms, and hydrogen bonds involved in the secondary structure of interest. In addition, solvent-accessible-surface area of individual residue is also recorded to explore solvent exposure of a. a. residues. In the end, our method is applied to another zinc complex with also catalytic-type zinc binding site. The results show that our method is able to reproduce the coordinating configuration as well as the global stabilization
-Zn, which is compatible with experimentally determined structures.
Besides, our method can be applied to other 
Methods
In this work, the potential energy function (Eq. 1) that describes the interaction between zinc and 
Charge transfer estimations
We estimate the amount of charges transferred from the four amino acids (His6, Glu11, His13 and His14) of 16 [45] . Therefore here we focus on the charges donated by the atoms that directly bind to zinc. The transferred charge is then given by 
The three ligating nitrogens in imidazoles and the ligating oxygen in carboxylate respectively donate 0.094e, 0.094e, 0.084e and 0.13e, the sum of which occupies 98.5% of the amount of charge, 0.41e, that zinc accepts. The equilibrium distances between zinc and the three ligating nitrogens and one oxygen are 2.05 Å, 2.05 Å, 2.08 Å and 1.98 Å, respectively. As implemented in the model by Sakharov and Lim [29] , the amount of charge transferred from the ligand atom L to zinc is linearly related with their interatomic distance , as given by 
Multiscale point dipole model
In our model, we describe the dipoles with three scales, ranging from the residue-based level, to the backbone/sidechain-based levle, and to the atom-based level. In the zinc binding site, If it is the backbone (or sidechain) of a residue that binds to zinc, then the atom-based dipole is considered for the backbone (or sidechain), and the polarization effect on the corresponding sidechain (or backbone) is simulated with a single coarse-grained dipole. The residue-based dipoles are considered for the residues that locate outside the zinc binding site. In detail, from the crystal structures obtained with NMR experiment, zinc tetrahedrally binds to the sidechains of residues Glu11, His6, His13 and His14 [21] . Thus, the dipoles are atom-based for the four coordinating sidechains (see the red groups in Fig. 1 ).
Correspondingly, four backbone-based dipoles are applied to the backbones of these four residues (see the green ball in Fig. 1 ). For the rest 12 amino acid residues, residue-based dipoles are defined (see the white ball in Fig. 1 ). The peptide atom-atom polarization interaction is much weak compared with the polarization effect induced by zinc, and has been implicitly included in CHARMM22
force field simply by adjusting atomic charges to reproduce the interaction energy [46] . Thus, in the present work, we follow the assumption in [29] that the biomolecule is polarized utterly due to the electric field created by the charge on zinc. As a result, the polarization energy is contributed by the electric interaction between all zinc-induced dipoles of the peptide and the point charge at zinc and the interaction between induced dipole at zinc and the point charges of peptide atoms:
where
and
in which, the activation energy, , required to create the induced dipoles is known as the self-polarization energy [
denotes the total interaction energy between all interacting charges and induced dipoles; denotes the total interaction energy among all interacting induced dipoles. The sum of and is the polarization energy relative to . Consequently, the net change in interaction energy, , is obtained in equation 4. The summations in Eqs. 4-7 are over all induced dipoles.
is the dipole moment induced at the i-th induced dipole.
0 i E v and are the local electric fields at the i-th induced dipole created by neighboring point charges and induced dipoles, respectively.
Assuming a linear response approximation, the induced dipole moment i μ v at the i-th site is proportional to the local electric field, i E v which is the sum of and
where the proportionality constant i α is the polarizability of the i-th polariable unit.
The standard polarizabilities of peptide residues and atoms are taken from Ref. [49] and Ref. [50] , respectively. The polarizability of zinc, 2.294 Å 3 , is from Ref. [51] . And the polarizability of the deprotonated nitrogen on an imidazole, 2.8 Å 3 , is from Ref.
[29], which is bigger than the standard value 1.09 Å 3 provided in Ref. [50] .
In As to the fragments out of the zinc binding site, we assume that the electric field created by zinc is able to distort the electron cloud of atoms, but is not strong enough to affect the molecular orbital. Thus the residual polarizability has not to be modified.
The total electric field at zinc is the vector sum of the electric field due to the current charges of protein atoms and induced dipoles in protein:
, ,
where is the electric field created from the current charges of protein atoms with summation over all peptide atoms, and
is the i-th element of the dipole field tensor with summation over all the induced dipoles in the peptide.
The total electric field at the i-th dipole in the peptide is the sum of the field which is caused by the current charge and the field 
As a result, we rewrite the induced polarization energy in the following form [52] :
Since the derivative with respect to any induced dipole moment is zero, the polarization forces can be derived as follows:
The approximation used in Eq. 8 shows a growth of the induced dipoles with the distances between induced dipoles and zinc, which becomes no longer valid at close distances. In order to avoid unphysical growth of the induced dipoles at close distance, a cutoff distance is considered here, which is assumed to be equal to the sum of the vdW radii of atoms (residues) and zinc, and then multiplied by the parameter 
≤
The center of a coarse-grained dipole is the centroid of the corresponding molecular fragment (residue, backbone or sidechain in the peptide). Thus, the polarization force vector that goes through the dipole center does not cause rotating motion of the fragment. As a result, the polarization force acting on atoms that belong to the fragment can be derived simply by the following equation
where is the atomic mass and the summation is over the atoms in the fragment. 
Simulation Methodology
The starting structure of 
Explicit Solvent Simulations
The MD simulation software NAMD is used to simulate the -Zn is fixed, while the solvent is relaxed at an NVE ensemble until the water reaches equilibrium. Secondly, the solute is released, and the whole system undergoes 50ps of energy minimization.
Finally, a 30ns simulation is carried out.
Implicit Solvent Simulations
Simulations with explicit solvent molecules require prohibitive cost of computer resource and time especially in solvent relaxing. Implicit solvent has been proved to be more efficient than explicit solvent for small peptide complex like The GB model adopted here is originally proposed by Still and co-workers [61] and parameterized later specifically for proteins, peptides and nucleic acids within the we set the intrinsic radius of zinc to 1.8 Å.
SASA values are obtained with the LCPO approximation [58] with a solvent probe radius of 1.4 Å. Atomic SASAs are computed by using 
Results
Mainly two MD simulations of 
Root-mean-square Deviation (RMSD)
In the simulation, the initial positions of atoms are determined from the NMR structure. Because in the NMR structure, the first and the last residues are weakly defined, the RMSD of the backbone Ca atoms is then calculated without these two residues. The RMSD trajectory for
is given by the blue line in Fig. 2 . The RMSD trajectory of the backbone Ca atoms for the minimal zinc binding domain, 14 
6− β

A
, including all four coordinating a. a. residues, is also calculated (green line in Fig. 2 ). We also calculate the RMSD trajectory of zinc binding center, containing zinc and another five atoms that directly binds to it (red line in Fig. 2 ). 
Radius of Gyration
Now we discuss the radius of gyration which is defined as 
Coordination geometry and secondary structure
In the NMR structure, zinc is tetrahedrally coordinated to four a. a. residues, namely The smaller coordination bond lengths derived from Sim1 are mainly due to the use of zinc radius 0.88 Å in vdW1, which was suggested in studying zinc protein [29] .
There is an irregular 3 10 helix in the C terminus of On the other hand,, Sim2 retains the experimentally observed bidentate fashion of Glu11 (see Fig. 4b and Tab. 3). From Tab. 4 one can see that both HBond1 and HBond2 are kept by Sim2. Thus the irregular 3 10 helix can be observed in Sim2 (see Fig. 4b ), which is consistent with the experimental observation. As a result, Sim2 can provide satisfied coordination bond lengths with NMR data.
Solvent exposure of residues
Here, the solvent exposure of a residue (SE-Res) is specified by the solvent accessible surface area of the residue. As illustrated in Fig. 5, expect , staying on the surface of the peptide [21] . On the other hand, for Sim2, in which the polarization effect has been considered for the whole domain, the SE-Res of Phe4 is consistent with the experimental data.
Ligands exchange
There is not any explicit water molecule involved in the implicit solvent simulations, so it's difficult to judge whether our model (Sim2) is able to capture the experimentally observed tetrahedral coordination mode once explicit water molecules are presented. We found that at least it's negative for the explicit solvent simulation with the traditional force field using vdW2, because zinc is found to be hexocoordinated with the four residues mentioned above and another two water molecules.
Consequently, we design a simple hybrid solvent model that the bulk solvent is implicitly presented with the two coordinating water molecules explicitly described.
Here, the explicit water molecules are modeled with TIP3P model and force field parameters come from CHARMM22 [46] . The starting structure is the equilibrant structure derived from an explicit solvent simulation with the traditional force field, in which vdW2 is used. Note that in the starting structure the carboxylate of Glu11 monodentately binds to zinc. Following the scheme suggested by Sakharov and Lim [29] , the induced polarization effect and the charge transfer effect on water molecules are ignored in the current implement. We also find that if the traditional force field is used, there is not any exchange of ligands observed, which demonstrates that implicit solvent does not influence the coordinating configuration generated in explicit solvent. According to the scheme of multiscale dipoles, the sidechains of the four histidines use atom-based dipoles, the corresponding four backbone segments adopt backbone-based dipoles and other 28 residues employ residue-based dipoles.
MD simulation of rat
Similarly, we carry out another two simulations for 4ns with respect to this system. 
Discussion
In the paper, we propose an all-atom MD to discuss the complex appropriate to the proteins with structural-type zinc binding sites [29] , whereas it is subjected to three deficiencies in describing Our simulation successfully replicates this secondary structure because we are able to obtain the two critical hydrogen bonds in the helix. Apart from the secondary structure change, another important phenomenon is the reorientation of peptide residues due to the binding of zinc.
It has been suggested that one of the possible zinc-induced aggregating mechanisms is that zinc induces the conformational change of β A to facilitate aggregation [8] . For example, zinc induces exposing of hydrophobic groups, which promotes β A aggregation in aqueous solvent. It's easy to understand that positively charged zinc ion in the core of the peptide draws the hydrophilic or negatively charged groups into the core of the peptide due to the strong interaction between point charge of zinc and permanent dipoles or negative charge of a. a. residues, while hydrophobic or positively charged groups would be excluded and exposed to the solvent.
However, for In order to demonstrate the ability of our model to reproduce the tetrahedral coordination mode in the presence of explicit water molecules, we have carried out an additional MD simulation with a hybrid solvent. Our simulation result echoes the conclusion in Ref. [29] that the induced polarization effect combined with charge transfer effect is critical in avoiding unwanted water bound to zinc in the 
Conclusion
The objective of this work is to propose an efficient and reliable scheme compatible with CHARMM22 force field to describe the interaction between zinc and 
=1.09 Å is more appropriate as the radius of zinc in the framework of CHARMM22 force field in studying catalytic-type zinc binding sites and (2) polarization effect should be extended to the domains beyond the zinc binding site for Supplementary Material. c. The radius of zinc is small that it contributes little to the total screening areas of its neighbors. Therefore the parameter set is also suit to the other zinc radius (1.09 Å),
